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According to the World HeditOrganization's (WHO) reporthimicrobial resistance is one

of the main global threafd]. Thereforethere is a need for the development of other agents,
such as antimicrobigleptides (AMPs)AMPs are small molecules with less than 50 amino
acids, having activity against a wide range of microorganisms and showing less
immunogenicity compared to recombinant proteins and antib{i?ligls Recent researches

have demonsttad that in addition to the antimicrobial functionsAWIPs, these peptides

also play an important role in the complex pathogenesis of several inflammatory diseases
[4,5]. Peptide therapeutics has considerable advantages in terms of safety aspects. Since the
products resulting from their degradation are radtamino acids with a short hdife, only

a small quantity of peptides is accumulated in the tissues. The result is a reduction in the
safety risks caused by metabolites. Less immunogenicity is another advantage of therapeutic
peptided6,7]. Several thousands 8fMPs have been isolated from various natural sources
such as microorganisms, plants, insects, crustaceans, animals, hetmadewever, only a

few of them have been translated commercially to the market so far. This is because of
drawbacks of the naturallybtained AMPdike the susceptibility to protease degradation,
inactivity at physiological salt concentrationsytotoxcity to host cellsand lack of
appropriate strategies for sustained and targeted delivery of the f8YIPEhese initial
barriers are being increasingly overcomé&wiew chemical modification strategies such as

N- and Gmaodifications, incorporation of nematural or Damino acids, cyclization and the
attachment of the polyethylene glycEG) polymer to peptides (PEGylationT.hese
approachess well asstrategiesfor delivery of peptidesllowed several researchers to
enhance the bioavailability &MPs and improve their bialistribution and rate of clearance

[9 A2].

However, generallpeptides and proteins modifications andrialation oftheir delivery
systems are challenging tasks and hide several fikkesaim of thisPhD thesis project i$o
understand and evaluate these riskeugha quality by desigiiQbD) based antimicrobial
peptide and protein modification and formtibn designlt will lead to develop more stable
agents with efficient delivery to the target si®e started our project by collecting and
evaluating the results of most recently published researches about antimicrobial peptides and

protein modificatiorand formulation. It led us to obtain narrowed and specified knowledge



and directed us on appropriate strategies in designing agheghy modified AMP formula
with the most influence on bioavailability and antimicrobial activity enhancement.
Therefore,this knowledge can help us the selecton of optimal structural features of
AMPs, the best possible modification strategy for AlVidglthe best possible nanocarrier
system for them.

After our preliminary above mentioned studiasalysisof the potentibrisks in the peptide
PEGylationprocessvas performedhrough the example ¢tGLa andin the nextphaseof
the projectthe effective delivery of proteins with antimicrobial activity was accomplished
through the example dfysozyme (LYZ)in a novel formiation strategy(layer-by-layer
polyelectrolyte coreshellnanoparticle[13].

As can be seen faigure 1in the first part of our project wiavestigate therisk factors that
influence the PEGylation press of PGLd&y the application of the QbBoncept. PGLa is
a 2kresidue amphipathic antimicrobial peptidaide (GMASKAGAIAGKIAKVALKAL -
NH2), isolated from the African clawed frog Xenopus leavis, that can ddsaicigria by
interacting with their lipid metmrane[14,15] Analysis ofthe riskfactorslead to optimized
formulaion of PGLa withincreasedhalf-life, reduced toxicity, improved permeability,
selectivity, viscosity and synergic effect for a potential drug delivery system.

In the secondpart of our project, we investigated the effective delivery of proteins with
animicrobial activity through the example b¥Z. LYZ is a harmless natural antimicrobial
enzyme can be derived from the plants, animahsl microorganisms as a single chain
polypeptide having a globular shape consedatf 129 amino acids with an approxate
molecular weight of 14 kDa, with a quite alkaline natsatsisoelectric points 11, andits

main physiological role is performing the host's natural imnueferce effect

For the purpose of this research, we carried oufgraulation experimets by varying

factors such as the concentration of the alginate, mixing anmetthe pHaccording tahe

full factorial desig. Based on these variations, different formulations of the LYZ were
prepared, tested and optimised anddbhtinedNPs were comqghensively characterised.
Furthermore, analytical measurements and assessments were carried out using the different
values for the alginate concentration, mixiagd the sodium sulphatententwhich served

as determinant factors for the particle sized asecondary structure of thenzyme

nanoparticle solutia(Figure 1).



PART A: PEGylation and Formulation of Anti-Microbial Peptide (PGLa)

according to the Quality by Design approach

9 Identifying the critical factors with the highest effect on the quahty final
modified AMP

9 Determiningthe priority ranking otritical factors

9 The selection of the right methodologies and materials in the synthesis of the

PEGylated AMPs and their formulation development

PART B: Optimization of layering technique and the secondary structure
analysis during formulation of nanoparticles containing lysozyme by Quality by

Design approach

9 Preparation of corshell NPs containing LYZ
9 Determination othe secondary structure of the all samples
9 Determination of the correlatidretween optimization parameters
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2.11 Definition, history, source, target and mecharsm of action

The relatively small size of antimicrobial peptides (<10kDa) made their isolation possible
only in the 1980s. This was initially achieved in frogs, insectsgradules of human and
rabbit granulocytesSince then, a large number of additicaxaimicrobial peptides has been
found virtually everywhere in nature, amounting to over 800 peptides known at fi€sent

17]. Antimicrobial peptides seem to have effector functions in innate immunity and can
upregulate the expression of multiple gemesukaryotic cells [18]. They represent a wide
range of short, cationic or aniongeneencoded peptide antibiotics. Despite sharing a few
common features (such as cationicity, amphipathicity and short size), AMP sequences vary
greatly, and at least fowtructural groups have been proposed to incorporate the diversity
of the observed AMP conformation. As showrigure 2, AMPs are produced by bacteria
andeukaryotessuch as protozoa, fungi, planissects and several types of vertebrate and
invertebrate animals. They show a variety of targets, including pusiive and Gram
negative bacteria, parasites, fungi and some viruse39AMP genes are present in the
genetic material of a number wlammals. The expression of these genes has been detected
in different cells, including neutrophils, monocytes, macrophages, epithelial cells,
keratinocytes and mast cells. AMPs are synthesized apr@qeeptides and a post

translational process allows thénal maturation into active peptid§z4, 25]

AMPs can be categorized based their source, targetstructure,mechanism of action,
therapeutic aim, modification and formulation methods. A schematic representation of
different classifications of AMPis shown irFigure 2. According to our present knowledge,

this is a new overview of various AMP classifications.


https://en.wikipedia.org/wiki/Eukaryotes
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Figure 2. Schematic representation of different classifications of antimicrobial peptides.
AMPs can be categorized based on their souacget, structure, mechanism of action,

therapeutic aim, modification and formulation type

An insight into the mechanism of action of AMPs is essential for the further development
and design of optimized AMPs that could be efficiently used as therapeutis. @hus,a



broad range of researches are assigned to study the mechanism of action of ARMBs [26
According to these researches, AMPs are divided into two main groups based on their mode

of action: membrane disruptive AMPs and aonambrane disruptivAMPs [29].

2.1.2Structural and physicochemicalfeatures

The antimicrobial activity and selective toxicity of AMPs are significantly influenced by
their structural anghysicochemicafeatures. Furthermore, studying different structural
parameters of AMPg& a vital part of the design and development of novel antimicrobial

agents with enhanced antimicrobial actiB{].

2.1.2.1Conformation (X)

Based on secondary structures assumed by AMPs in the presence of other biological
membranes, they are categgd G LQWR GLIITHUHQW FRQHOUShEstW LR QV
extended helix and loofrigure 2) [25 R7].

Circular Dichroism (CD), Xray crystallography and Nuclear Magnetic Resonance (NMR)

studies are commonly used to determine the secondary structuesefoptideg30, 31].

The .-helical AMPSs, including cecropin and pexiganan, tend to form amphipathic helices

LQ FHUWDLQ RUJDQLF VROYHQWYV -helixd AMBS/distutbhLth® XRURH
bacterial membrane by employing various mechanisms aimadticluding the formation of

barretlike bundles (barrestave model), carpdike clusters (carpet model) and toroidal

pores (toroidal pore model) into the membrane.

AMPs with -sheet structure VXFK- DNGHIHQVLQV DQG S-baRpmHJIULQ
sttuFWXUHV VWDELOL]HG E\ GLVX@elABIRs Bdvée &rigitl\strubtle W R
and the bacterial membrane is disturbed by a perpendicular insertion into the lipid bilayer

and the formation of toroidal pores.

OL[HG VWU X-papidds FAMPS swch as bactenecin, adopt a loop formation with one
disulfide bridgg32, 33].

The extended AMPs which are rich in specific amino acids, have irregular secondary
structures. Many of these peptides show antimicrobial activity only after interacting with the
membrane and undergoing consequent conformational changes. Indolicidin with 13 amino

acids, a member of this group of AMPs, contains five tryptophan and three proline residues.



The peptide adopts a pelyll helical structure in the presence of liposonaey] the high

content of tryptophan residues is responsible for their interaction with lipid membranes.

2.1.2.2Charge

Many of the antimicrobial peptides display a net positive charge, ranging from 2 to 9, and
may contain highly defined cationic domainSationicity is essential for the initial
electrostatic attraction of antimicrobial peptides to negatively charged phospholipid
membranes of bacteria and other microorganiS#s88]. However, this relationship is not

fully linear. Within a certain rangendcreasing peptide cationicity is generally associated
with increasing antimicrobial strength. For instance, studies with magainin 2 analogs show
that increasing the charge from 3 to 5 results in increasing antibacterial activities against
Gramnegative andsram-positive pathogens. However, a net charge from 6 to 7 leads to an
increase in the hemolytic propensity and to a loss of antimicrobial activity. Therefore, it can
be concluded thahere is a risk beyond which increasing the positive charge no longer
increased the activitgf AMP [32]. Although in a wide majority of cases AMPs are cationic,
anionic AMPs (AAMPs) have also been described as an integral and important part of the
innate immune system and increasingly identified in vertebrates, invertelbrateplants

over the last decade [39]. While cationic peptides are rich in arginine and lysine, AAMPs
are small peptides rich in glutamic and aspartic acids. AAMPs that are complexed with zinc,
or highly cationic peptides, are often more active than aBpeptides or those with a lower
charge [40].

2.1.23 Amphipathicity (A) and hydrophobicity (H)

In researctby Mihajlovic et al, the amphipathicity of antimicrobial peptides plays a crucial
role in pore formation and can also contribute to a betterstaagling of the mode of action

in antimicrobial peptide§41, 42] Kondejewski et alhave reported thahe antimicrobial
activity and toxicity of peptides are notably enhanced with amphipathicity. However, an
extremely amphipathic nature is not desiealrh cyclic AMPssince it decreased the
specificity and increased interactions with outer membrane compdaahts

Hydrophobicity is a main feature for the effective membrane permeabilization of AMPs as
it determines the extent to which a peptide cantpartinto the lipid bilayer. However, an



increase in the levels of hydrophobicity is strongly related to mammalian cell toxicity and
loss of antimicrobial specificity. Therefore, moderate hydrophobicity is needed against the
bacteriaimembrane [3]. A research bywood et alon a linear cysteindeleted tachyplesin
(CDT), examined the effect of hydrophobicity on antimicrobial activity. Analogs with
hydrophobic isoleucine residues placed throughout the sequence of CDT showed

comparable antimicrobial actiyito CDT but lower hemolysigt4].

AMPs with moderate features (charge, hydrophobicity, amphipathicity) and a good balance
between these characteristgtsowed higheantimicrobial activity and lowecytotoxicity
and hemolysisn mammalian cell§36, 45].

2.1.3 Therapeutic aim

As shown inFigure 2 andTable 1, AMPs can be categorized based on their therapeutic aim.
Recent researches have demonstrated that, in addition to the antimicrobial functions of
AMPs, these peptides also play an important role in the leongathogenesis of several
inflammatory diseasg46, 47] According to the results of a research projectstistained
releaseof drugs at the site of action presented excellent results in the treatment of chronic
wounds[48]. In the table below, the association between some of the most common AMPs
with different conditions, includm infectious and inflammatory diseases, is listed and
classified into two groups of acute and chronic diseases. Based on literature Adviesy,

which are used to treat chronic diseases should provide controlled and sustained release by
choosing the propexdministration route, while an immediate release formulation of AMPs

is effective for acute diseas@hus,the therapeutic aim of AMPs has significant influence

on formulation parameters in the delivery of these peptidesdepending on the medical
apgication of AMPs, the drug release profile and therefore the administratiote are
different [49, 50].


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/time-release-technology
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/time-release-technology

Table 1 Some oftthe most recent researches showing various AMPs and their

administration routes effective in the treatment of acute or chromashis

Administration

Peptide Disease Chronic/Acute Ref.
Route
Rhesus theta defensin .

1 (RTD-1) Acute lung injury (ALI) [51]
Cathelicidin LL -37 Acute thrombosis P Parenteral [52]
Catestatin (CST) Acute and chronic pain [53]

Human beta defensins : :
1(HBD1) Acute HIV-1 infection [54]

o Chronic obstructive
Human cathelicidin

pulmonary disease Inhalation [49]
(hCAP18/LL-37) (COPD)
HBD1, HBD2, HBD5 .
and HBD6 &URKQTV GLV Chronic Oral [50]
hBD-3 Wound Dermal [54]
Chronic rhinosinusitis
GHIHQVL (CRS) Nasal [55]

2.1.4Advantagesand limitations of AMPS

In relation to small molecule drugs, peptide therapeutics has considerable advantages in
terms of safety aspects. Since the products resulting from their diégmneaatta natural amino

acids with a short halife, only a small quantity of peptides is accumulated in the tissues.
The result is a reduction in the safety risks caused by metabolites. Less immunogenicity is
another advantage of therapeutic peptides.e@dly, even synthetic peptides are less
immunogenic than recombinant proteins and antibodies. Among different peptides, AMPs
emerged as essential tools with a brepdctrum of activity and a low rate of resistance
development [8, 51]. Besides the menhed advantages, AMPs have limitations, such as
low metabolic stability and low permeability across biological barriers, high costs and poor
relevance of antimicrobial activity of AMRS vivoandin vitro, cytotoxicity, and difficulty

in reaching targetesites at active concentration due to degradaliothe nexisection it is

shown thatthese initial barriers are being increasingly overcome with new chemical
modification strategies for the development of stable, moreetfesitive and potent broad

spectrum synthetic peptides ¢h

10



2.15 Modification strategies of AMPS

Strategiesuch as Nand Gmodifications, incorporation of nematural or Damino acids,

cyclization and the attachment of the polyethylene glycol polymer to peptides (PEGylation)
allowed several researchers to enhance the bioavailability of AMPs and improve their bio
distribution and rate of clearance. The proteolytic degradation of peptides can be decreased

by protecting their €and Nterminus with acetylation or amidation. Also, nifgohg the

sequences of peptides by substitution of natwW@ PLQR DFLGV IRU WKHLU " HQD
VXEVWLMDPARYHRRGD F L GemRdJaditly &r€other similar approaches that result in
overcoming peptide hydrolysis.-@mino acid substitution in peptide may influence not

only the peptide's stability but also its secondary structure and therefore its ability to

incorporate into membranes, [B1].

For PEGylation at specific sites of the peptide, we have to use alternativehaide
protecting graps for the selected lysine residues which can be removed before the cleavage
of the peptide. Selective removal of these protecting groups such as methyltrityl allows the
coupling of the PEG chain at the selected position, followed by the removal cténedal
protecting group and the cleavage of the peptide.-Biaker-Drug strategy is another
possibility to increase the hdlfe of PGLa. By using a linker which is degraded by the
bacteria itself, the risk of decreased antimicrobial activity by th&yRiion can be
circumvented and there is no need to-sfiecific modifications. Bacterial enzymes which
SOD\ UROHV LQ DQWLEL Radfdnfase) ldre the ivast@retdising Xdndid@eas,

as the overexpression of the enzymes would facilitateellease of the drug. Solghase

FMOC tBu strategys a common strategy designed and developed by using protected amino
acids as building blockgs7, 58]. The controlled synthesis of peptides and formation of
amide bonds requires the use of reversible o the amino group. Common amino
protecting groups are: teButoxycarbonyl (tBoc), Fluorenylmethyloxycarbonyl (Fmoc)

and NAllyloxycarbonyl (Alloc). It is also necessary to reversibly mask reactive side chain
functional groups. The peptide remainstaored to an insoluble solid resin support. Resins
commonly used are composed of polystyrene. The excess reagents and soluble byproducts

will be removed after each reaction cycle.

As can be seen iRigure 3, in this approach the firgirotected amino acid iattached to the
resin through its carboxyl groumdupling the addition of activating agent). Then the

protecting group is removed (deprotectiomder a mildly basic condition. This exposes a

11



| U H4dmino group to react with the next incoming protected amino acid. Then again
deprotection step is repeat€@io confirm that the protecting groups are removed, a Kaiser
test is performed). The processrepeated through a cycle of deprotection, coupling and
washing until the peptide is completely synthesized. The synthesized peptide is usually
cleaved from the resin by trifluoroacetic acid (TFA), which removes the side chain protection
groups at the samtime. The purification steps usually include the precipitation from the
cleavage reaction mixture by tceld diethyl ether. Further purification can be achieved by
gekHfiltration, ion exchange chromatography and reveysease HPLCH9].

Solid-phase FMOC /tBu strategy

’_m_. X—® anchoring An1 Q

deprotection I

! +@- !

o o ® deprotection
repetitive
lcuupling D erele

o @B+ Be

Cleavage (washing)
+

final deprotection

Figure 3. Schematic representation of solid phase peptide synthesis

22. TKAXDOLWHNE¥NIQ PHAWKRG

The Quality by Design (QbD) approach is a holistic, systematic, knowledge arhsisté
methodology of pharmaceutical developments, which focuses on the prqfialiminary

12



design[60] considering all of the influencing parameters from the industry, the regulatory
body and from the user.(g patient, doctor). The application of the QbD method in the
industrial development and manufacturing is forcedheyreguhtory authorities but it has
also many benefits in the early phase of the developni®nit&8]. Asit bringsscientific
results closer to the practical requirements and has a facilitating effect on industriapscale
and product transfer to the markehelfQbD has several steps, described in the guidelines
of the International Councibr Harmonization (ICH Q8 (R2), ICH Q9, ICR10)[61, 62].

The main steps are:

(1) The definition of the Quality Target Product Profile (QTPP)

(2) The identification of thequality attributes and the selection of the Critical Quality
Attributes (CQAS) related to the target product

(3) The prior selection of the production method and the identification of the Critical Process
Parameters (CPPs) as well as the Critical Matétiaibutes (CMAS)

(4) Performing of the initial Risk Assessment (RA). RA is a systematic process of organizing
information to support a risk decision and is the key activity in this mdHelresults of the

RA will be the ranking of the CQAs and CPPsading to their calculated risk severity.

RA results help to aim attention on the most critical influencing factors and avoid profitless

efforts in later phases of the development process.

The following steps of the QbD approach are:

(5) The Design of ta Experiments (DoE) which namely means the planning of the practical
tasks by the RA resul{§) The performing of the experiments in practice and establishment

of the Design Space (DS). These are followed by th€d)pilation of the Control Strategy
which is the monitoring of the factors with highly risk potential in the process. The whole
QbD guided process should be designed and performed by considering the possibilities of
the (8) Continuous Improvement. In this thinking, generally the RA is the acosnhtual
element which it is especially advantageous in the case of complex and sensitive drugs like

peptides.

13



23. 2SWLPL]IDWLRQ RI OD\HULQJ WHFKQLTXF

Nanotechnology has been performed to improve the drug delivery performance, basically by
improving the biavailability through the administration of the drug entity in nanoscale
particles (NPs) or molecules which can overcome the biological barriers, targeting the
absorption site, enhancing the stability and solubility by increasing the surface area.
Therefore various nanotechnologyased drug formulations have been introduced into the
market for treating and controlling numerous diseases such as cancer, central nervous system
diseases and infections managenfié®i67]. Moreover, the delivery of the drug in NPs form
protects the natural products such as proteins from the degrading enzymes, as well as
controls the release of the incorporated bioactive molefo#s

The intensively used naraarrier systems for pteins delivery are based on synthetic
polymer, liposomes and metéhey have been replaced as a result of many limitations like
instability and low loading capacity of liposomes, whereas nrirets¢d nanaearriers have
disadvantages of low clearance ratel &nhence enhanced toxicity, and that made from
synthetic polymers has a limitation of the aggregation of the encapsulated proteins in their
inner corg 69, 7Q. Accordingly, proteins NPs and their conjugate have been substituted the
nancecarrier systems and having advantages of +saed structure with good
biopharmaceutical characteristics, also, their production istaeffestive, and easy to tailor

to fit the specificrequirementg71-73]. In contrast to nancarriers based on metal, LYZ
encapsulated in the Selenium NPs and thamoiybrids were prepared by precipitation
method by using sodium phosphate at various pH, showed a synergistic antibactetjal effec
and meanwhile, their interaction retains the native enzyme activity and conforfirdiion

The precipitation techniqguedbiomup approach) represents the most applicable method for
NPs production for both small scale and bulk production, this owing to its simplicity, low
energy input, low generated temperature and-efisttive compared to the other tap
method{75, 76]. Xanthan/LYZ NPs have been produced by precipitation in the alkali
coupled thermal condition, the NPs showed favourable size distribution and s{ajlity
Whereas LYZ loaded in chitosan (CS) NPs have been prepared through ionic gelation of
chitosan and tripolyphosphate (TPP), it was reported the CS molecular weight and content,
TPP contentand initial LYZ have effects on the eapsulation efficiency (EE), release
performance and activity of the LYF/8]. Moreover, LYZ complexed with &erent
concentrations of sodium alginate showed two stages of aggregates formed with the loss of
the activity based on the alginate content, the antimicrobial activity was recovered upon the
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addition of calcium chloridg79]. Similarly, LYZ encapsulated in a novel cationic
polymethacrylate/alginate NPs as a polyelectrolyte carrier system, the NPs showed a high
capacity to encapsulate the enzyme, with acceptable polydispersity, biodegradable, high
stability and sustaining the release of LYZ. Tihevitro cytotoxicity of the compbe was

found a doselependen{80]. Also, polyelectrolyte corshell of bovine serum albumin
nanoparticles (BSAPSs) developed through the lay®y-layer (LBL) tedinique utilized as

a carrier system to control the release of ibuprofen, the inner layer is anionically made from
poly (sodium4-styrene) sulphonate, and the cationic outer layer made from CS which
enables the interaction with a negatively charged cell lon@ne and facilitates the cell-up

take [81]. Accordingly, the diposition of oppositely chargegblyelectrolyte polymers
through the LBL approach represents a promising technique for fabrication of
micro/nanoparticles and enables to modify their physiochemacal morphological
properties by controlling the ionic stigth, polymerization degreend the ratio of the
polymers[82-85]. Most importantly, the techque is usually conducted at the normal
experimental conditions and mainly in an aqueous solution and hence, it is suitable to
encapsulate protein in and polypeptide d@§$, and recently the application of three layers

of the polyelectrolyte polymers on the anticancer NPs dematedta cancerells targeting

with efficient internalizatiorj87]. Also, three polyelectrolyte polymer layers were prepared

on the surface of human serum albumin nanoparticles containing intefsvith layering
technique, and the ceshell nanoparticles has sustaineléase[88].

For this study, LYZ is a good model protein because of its detailed structural and enzymatic

properties and the straightforward assessment of its biological af89i84].

3.0$7(5,%$/6 $1' 0(7+26

3.1. ODWHUBDOW $

PGLa(H-Gly-Met-Ala-SerLys-Ala-Gly-Ala-1l e-Ala-Gly-Lys-lle-AlaLys-Val-Ala-Leu
Lys-Ala-Leu-NHy) is 2Lresidue amphipathic antimicrobial peptide amide. Its net charge is
+5 at physiological pH. It has good water solubility, and shows only limited haemolytic
activity [60].
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32. OHWKRI®DWW $

3.2.1.Knowledge space development
The collection and systemic organization of the related scientific literature and experience
IURP WKH SUHYLRXV VWXGLHV PHDQ V' [88KAlet M&QaRaySisHI GIJH V S
of the relevant scientific literature, the data oukel were structured and visualized.
Ishikawa diagram was prepared for categorization of the influencing factors (ci®es
flow charts were prepared for PEGylation process descriffign

3.2.2.Definition of QTPP

The QTPP forms the basis of product depehent design. The QTPP is always unique
depending on the target. Generally, it should include pat#evant product performance

and characteristics related to the aimed therapeutic or clinical use. Considerations for QTPP
selection are described in theH Q8 (R2) guideling61], e.g.,the route of administration,
dosage form, etc. QTPP in this study was defined as thereddct of a prédormulation
process, namely the modification procedure itself, where the targetqurahet was the
PEGylated AMP

3.2.3.Determination of the CQAs

CQAs are those factors which have critical influence on the QTPP according to the safety,
quality or efficacy aspects. They are generally associated with the substarmresess
materials and final product. CQAs were detimed as physical, chemical, biological, or
microbiological properties or characteristics of the output material (product), that should be
within an appropriate limit, range, or distribution to ensure the desired prapaiidly [61].

The selection of CQAs based on a holistic view of the formulation development and is

based on previous knowledge and experience.

3.2.4.Determination of the CMAs and CPPs

CMAs are critical material attributesuch as physical, chemical, biological, or
microbiological propertiesracharacteristics ahput material. CPPs are process parameters
whose variability has a critical effect on the aimed product performance. CPPs and CMAs
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are linked to the selected production/formulation propgHs CMA and CPP selection was
based on prioknowledge resulting from the knowledge space development phase of the

study.

3.2.5.Initial risk assessment

7KH LQLWLDO 5% ZzDV SHUIRUPHG E\ PHDQV RI WKH /HDQ
Fremont. CA, USA, gbdworks.com). The connectitvetween the QTPP elemts, the

CQAs and CPPs were thoroughly evaluated. The interdependence between QTPPs and
CQAs, as well as between CQAs and CPPs were structured and evaluated one by one, then
rated on athree©O HYHO VFDOH 7KLV VFDOH UHIOH EecdoMbKH LPSD
the product as high (H), medium (M) or low (L). The probability of the occurrence of the
critical factors vasalso estimated with the software using the same-tinade scale. As the

output of the RA evaluation, Pareto diagrams were geneshtedng the ranked parameters
according to their critical effect on the aimed PEGylated AMP agpeodiict. The relative
occurrenceelative severity chart was also prepared, presenting the critical factors in four
different quarters according to theitiesated occurrence and severity (or the degree of their
impact if they occur). This allows a different presentation manner of the RA results, where
the upper right corner of the generated figure needs the highest attention as it represents
those critical &ctors which have the highest risk of occurrence and have great impact on
quality. Preparation of the PEGylated PGLa by the guidse FMOC/tBu strategy was
selected in this study as a model process to perform the initial RA. FMOC was selected as

anaminoprotecting groupandsolid-phase strategy was selected for the design.

3.3. ODWHUBDOW %

Lyophilized LYZ (CAT. HY-B2237/CS7671, MedChemExpress, Hungary), stored at
freeze

(- f& ZDV XVHG DV D PR G HMicr8ddd®RW Kso@eiktDy&reAIGrichH G
USA) used as d&rampositive bacteria for layered NPs activity investigation, sodium
sulphate (Molar Chemicals Kft., Hungary) was used as precipitating agent, Alginic acid
sodium salt (AppliChem GmbH. An ITW Company, Germany) was utilized yasitey
polymer, sodium hydroxide and hydrochloric acid (Ph. Eur.) were used ad pidtifiers

and the other all reageswere of analytical gradd§3].
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34. OHWKR®WUW %

3.4.1.Experimental design

Factorial design (DOE)®2

Table 2 The levels of factors

Mixing time
Sample c (alg.)% pH
(h)
1 0.004 ¢1) 6 (-1) 1(1)
2 0.004 ¢1) 10 (+1) 1(1)
3 0.006 (+1) 6 (-1) 1(1)
4 0.006 (+1) 10 (+1) 1(1)
5 0.004 ¢1) 6 (-1) 2 (+1)
6 0.004 ¢1) 10 (+1) 2 (+1)
7 0.006 (+1) 6 (-1) 2 (+1)
8 0.006 (+1) 10 (+1) 2 (+1)

The experiments were conducted according®tmlR factorial design, the pH value 61)
and 10 (+1), alginate concentration (0.004% w1y &nd 0.006% w/v (+1) and mixing time

1(-1) and 2 (+1) hour) were considered as variable factors. Whereaszjraesactivity,

particle size, encapsulation efficiency, precipitation peraend zeta potential were set as

optimization parameters.

3.4.2.Preparation of LYZ NPs

The preparation of LYZ NPs was made according*falRfactorial design, 8 samples were

prepaed. 0.6 g of lyophilized enzyme was dissolved in purified water to obtain 19.4 g

homogenous aqueous solution, then each sample was mixed with 4ml of BxNa
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solution by using a magnetic stirrer for different period of time (1 and 2 hdurs)8
sampleswere centrifuged at 5000 rp&-force 3640) for 15 minutes by using Hermle

Z323K high performance refrigerated centrifuge (Hermle AG, Gossheim, Germany).

3.4.3.Precipitation and encapsulation efficiency

The obtained supernatants were carefully removed fromrémpitated NPs, then diluted

to a suitable range with purified water and the absorption was measured by using UV
spectrometer (ThermoScientH@enesys 10 S UWis Spectrometer, USA) at lambda max
281nm. Based on the absorbarthe concentration of ungcipitated NPs enzymesagused

to calculate the precipitation efficiency.

The obtained supernatants were carefully separated from the encapsulated NPs and the
absorption was measured at 281nm for each sample, then the concentration of free enzyme

NPs wagneasured for all samples, from which the encapsulation efficiency was determined.

3.4.4.Patrticle size and zeta potential measurement

The precipitated NPs were adequately diluted, and the particle size of the sample was
measured with a Malvern Mastersizer (Maitvdnstruments, Malvern, UK). The Zeta
potential of the same sample was measured with a Malvern Zetasizer apparatus with three
parallel measurements (Malvern Instruments, Malvern, WKYering with alginatdo the
redispersegrecipitantsaqueous alginatsolutions (250 ml) of conc. 0.004 and 0.006 w/v%

and pH 6 and 10 were added to each sample according to the factorial design, the samples
then mixed by high shear mixer (UKkiairrax, Germany) for 15 seconds, then followed by

re-centrifugation with samparameters as mentioned before.

3.4.5.The Morphological Study

The structure and the morphology of {hrecipitants NPs (after layeringjere described
with transmission electron microscopy (TEM). The TEM images were made with the FEI
TecnaiTM G2 XTwin HRTEM microscope (FEI Company, Hillsboro, Oregon, US) with
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accelerating voltage of 200 kV in bright field mode. Sample were suspendederand

dropped onto a carbon fikzoated coper grid.

3.4.6.The Enzyme Activity of Layered NPs

The activity of the prepared lagel nanoparticle samples was carried out by measuring the
degradation of lyophilizedMicrococcus lysodeikticusby using UV spectrometer
(ThermoScientifiecGenesys 10 S UWis Spectrometer, USA). 25 mg of lyophilized

bacterial cells was dispersed in 100mpbbsphate buffer (pH 6.8); the basic absorption at

450 nm was around 0.7. The absorptions of bacterial suspension were measured for 5
minutes before each test to reduce the error raised from bacterial sedimentation. 10 mg of

the layered NPs or 10 mg ofucte LYZ were dissolved in 25 ml phosphate buffer. 0.1 ml of

layered NPs/or crude enzyme solution has been added to 2.5 ml of bacterial suspension and
shaka for 20 seconds i quartz cuvette, then the change in the bacterial absorption was
measuredforPLQXWHYV 7KH SHOOHWYYV DFWLYLW)\ ZDV FDOFXOL

of the bacterial cells relative to crude enzyme activity as a reference.

3.4.7.Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra for the prepared samples and the othgrients were obtained by using
FT-IR (Avatar 330 FFIR ThermoScientific, USA) apparatus, by using potassium bromide
disc method, the scanning was run at wavelength range 600 to 460henspectra were
collected from 64 scans to obtain smooth speetraéhe spectral resolution of 4 ¢nand
applying CQ and HO corrections. The SpectraGryph (version 1.2) software was used for
the second derivation of spectra. For deconvolution of second derivatives spectra was used
the Fityk software[94]. After assigimg of peaks the area was calculated. From these data

the Dhelix content was determined.

3.4.8.Circular dichroism spectroscopy (CD)

7R G HW H U RhelxHomeHKtHbfthe initial LYZ and the synthesized NPs, circular
dichroism (CD) spectra were recorded on an ABEEASCO J1100 CD spectrometer
between 2590 nm. For the measurements,-ap&ned quartz cuvette with 1 cm optical
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length was used and the solid sampleseveissolved in PBS buffer applying 0.04 mg/mL
SURWHLQ FRQFHQWUDWLRQ 7KH VSHFWUD ZHUH FRUUHFV
helix content was calculated by the following equatif®@%:

Eqg. 1

Eq.2
where WKH >, @ LV WKH PRODU HOOLSWLFLW\ DW FD QP 'V
WKH LV WKKHOBEXBRQWHQW DW QP ZKLOH-shektH LV

and random coil.

4.5(68/76 $1' ',6&8@4,

41. SHVXQWWW $

The basis for iitial RA was an evaluation of the present knowledgethe different
limitations of PEGylation and how these barriers lesu to risks and how these risks can
be overcome by novel opportunities offered by chemistry or biochemistry for achieving
desirablebioactive AMP(Table 3).

The initiative step of the RA process of the preparation dPE®ylated PGLa by the solid
phase FMOC/tBu strategy was the construction of the Ishikaagmain(Figure 4), where

the different factorand possible associated risks in selection, modification and formulation

of in a suitable delivery system are highlighfed].
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Table 3 Limitations, risks and opportunities in AMP PEGylation process.

Limitation Risk Opportunity
Random PEGylation Reduced eetlmlcroblal development of new st;peuﬂc
activity protein PEGylation strategies
Lackof ificit . .
acko SpeCI.ICI i higher Mw of PEG, more selective
Low Mw reduced conjugate
. PEG reagents
activity
. R timi ial . .
High Mw educed an Imicrobia Using PEG molecules with lower My
activity
Masking the binding Reduced antimicrobial .
. ) - PEG-Linker-D tat
(active) site of AMP activity INKer-Lrug stategy

The interference of PEG
molecule with the
mechanism of action of
AMPs

development of new reagents anc
methodologies with not disturbing
biologicalactivity of the peptide

Reduced antimicrobial
activity

Non-hydrolysable chemical
bond between PEGand
AMPs

Low or reduced
functional activity

development of new reagents such
degradable linkers

PEG-specfic immunity

Understanding mechanisms of anti
PEG immunity, monitoring patients
beforeand during PEGylated drug
treatmentless immunogenic deliven
approaches

Accelerated blood
clearance

Final product characteristics

Chemical modification
methods

| AMP characteristics |

Permeability

4—Viscosity

Antioornhie < Mocoadhesivity

Activity e
< Physical Stability

Hemocompatibility_y, Cjrculation Time
Biocompatibility )\

Toxicity ——————»

Metabolic Stability

Solubility

proteolytic activity

SLILTS T —
Synergiceffect __________3)

N-and C-modifications

D-amino acid _substitution >
Position of subsliuniov/

Cytotoxicity

Amphipathicity &
hydrophobicity:
moderate

Structural 6ealures\
/'

Amino acid  Conformation:
charge:3-6

Cyclization

Possibility of peptide breakage

Masking the binding sno\ a-helical
PEGylation Seabilit
tability .\

Quality of

Experimental conditior chemically

Non-specific PEGylation)'/ / i
Suppress bacterial lysis,
NS

Sustained release >

Oral, nasal, dermal,

inhalation

Chronic

Parenler\ll
Acute

Fastrelease N

Local effect >

Systemic effect
—_—

\ 4

modified
AMP
formula

SSA(Specific Surface Area)
Preparation Mexho&

Nano-carrier >

Costm—noorp

Convenience of daily
s o
routin: Material: Lipid, polymer, meta)

Ease of administration Excipient

Characterization

Immunogenicity method

e

Permeability

Antimicrobial
activity

Therapeutic aim &
i ration route

Patient

AMP formulation

Figure 4. Ishikawa diagranmncluding all the parameters
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This gives the basis for the selection of the CQAs during modificatdnformulation of
PGLa. These parameters were ranked intogsoups: AMP characteristics, chemical
modification method, final product characteristics, AMP formulation, patierdpsacce,
therapeuticaim, and administration rout&he solid phase strategy for PEGylated PGLa
preparation includinthe possible CPPs and CMAs is presentdddare 5. These graphical
representation@-igure 4 and 5) aimed the selectioof the CQAs thatould critically affect
the desired QTPP and albelped inthe selection of the CMAsS/CPPs that may have a
significant effecton the CQAs of PEGylated PGLAfter the systemic collection and
evaluation of all the potential influencing factors, the QTR¥nehts, the CQAs, and the
CPPs/CMAxf the PEGylated PGLa were defined.

Coupling
Anchoring of the first amino
acid onto the resin

Type of protecting group

Steps of FMOC protected amino acid is *  Type of activating agent
attached by activation of its
the carboxyl group
method: Deprotection
Removal of FMOC under a * Type of base
solid-phase » mildly basic condition * Type of solvent
* Size of PEG molecule
FMOC/tBu K  Site of PEGylation
Kaiser test : . ) L
. pH, reaction time , ease of reaction,

overall cost and molar ratio between

PEG molecule attachment PEG derivative and PGLa
* Type of linker

Purification (cleavage of V V aShlng
PEGylated PGLa)

* Type of acid
Further Purification

PEGylated AMP

Figure 5. Flow-chart of solidphase PEGylation peess of the selected AMP (B&

The evaluation of the interdependences among the QTPP elandr@9As, as well as the
CQAs and CMAs/CPPs and the occurreesgmation is shown ifigure 6. As it can be
seen, thaize of the finaPEGylated peptide as one of the CQAs of the final product has the
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highest influence on circulation time and permeability according to thieeretical
knowledgebased interdependence estimatidiigure 6A). The specificity of the PEG
reaget significantly affects the antimicrobiacttivity of the final product; while it has less
important effect on circulatiotime and permeability of the peptide. Lack of selectivity can

cause random PEGylation and increase the risk of losing the antiailaotivity of AMPs.

T!:anpeuﬁc Stable lnuct‘ ) In'crused Permeability (H)
A | con g = e |
of PEGylated peptide 35%
Increased specificity 24%
Increased conjugate activity 32%
[Hydrolysable chemical bond 10%
B Process " PEGylation process
e CPP/CMA || sizeofPeG Site of Type of Typeoflinker | Type of solvent
"“--‘___-\ molecule (36%) PEGylation protecting group (21%) (4%)
«wA T = (24%) (16%)
fize of PEGylated peptide 35% | : | Medium _| :
Increased specificity 2% | High [T igh [ Medium [ medium |G

Bncreased conjugate activity  32% [ Hioh [T Hh ]| mesm | HGh I
Hydrolysable chemicalbond 1% [ tow [ tow [ wen ][ weh [ ew ]

o
[ sex

R site of PEGylation 24%
B Typeof protecting group [ Med [ 16%
fi Typeof linker 21%
[f Typeof solvent Med 4%

C CPP Or CMA

Size of PEG molecule

Figure 6. Interdependence rating results among the QTPP elements and CQAs (Part A), as
well as among the CPPs and CQAs (Part B) and the results of the occuatengras
steps of the RA.

PEGylations with increased conjugati@ttivity related to stable product with high
circulation time. Hydrolysable chemical bond between PEG and AMPs displays lowest
influences on QTPPs. The interactions among the CMAs/CPPs and CQdispdaged in
Figure 6B. The size of PEG molecule is highlyatdd to theincreased specificity PEG
molecule, size of the final PEGylated peptadel increased conjugated activity of it while
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it has low relation witthydrolysable chemical bond. If PEG molecule is too low in Mw it
can berelated to low selectivity anteduced conjugate activity of it. The results of the
occurrence rating are shown in thigure 6C. Its interpretations, that the size ahe PEG
molecule and PEGylation site ageeaterrisk factors and havehe highest occurrence
potentials compadto otherparameters. Botthe size of PEG anthesite of PEGylations

arehighly related taspecificity and conjugate rate of PEG.

Figure 7 demonstrates the severity scores calculated by the software for the CQAs and CPPs
and these scores and their rankarg visualized in Pareto charts. These charts show the
theoretical hierarchgf the influencing factors (CQAs and CPPs) of the PEGylated AMP
dueto their criticality. The factors having the highest impact scores armdis¢ highly

critical and need emphiaed attention during the peptidaodification process. In this
special case the most critical quality related factors of the PEGylated PGLa product are the
following: its final size, its conjugate activity (increased) and its specificity (incrédBeqd

7).

250

0 I I I .

e & B

SEVERITY SCORE
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o

Size of PEGylated peptide  Increased conjugate activity Increased specifity Hydroleasble chemical bond
CQA
6000
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w
S
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Q
(%}
t 3000
s
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>
&
1000
g ==
Size of PEG molecule Site of PEGylation Type of linker Type of protecting Type of solvent

(PEGylation Process  (PEGylation Process) (PEGylation Process) group (PEGylation (PEGylation Process)
Process)

CcPP

Figure 7. Pareto charts presenting the ranking of the selected CQAs and the CPPs as
results of the RA.
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On the other handn relation to the PEGylation process, as thest critical influencing
factors the following were found: theghestcritical effect on final product has the size of
the starter material (size tfe PEG molecule), the next is the proper selection of the site of
thePEGylation, and also has high critical effect, but lower than the previously presented two
others,is the type of the linker in the PEGylatiprocess. Tatype of the protecting group
and solvent havalower effect.In Figure 8 the most potential process factors, as CPPs with
thehighest estimated or relative occurrence and relative severity rabe caenFigure 8
presents the same results as the Pareto chart of th@r€#Busly, but this interpretation
can be useful as well, especially éytended processes with several steps and factors, as
those factorsvhich can be found in the right upperagter of the graphic neezbrrective
actions, or their risk have to be eliminated, or decreaseshg the continuous quality
improvement tasks on site. On the othand after such a theoretical RA based experiment
design like it wasnade in this studyhese factors found in the right upper quarter foiliin

the basis of the factorial DoE and having the most accentuahhé research executed in

practice

§ Size of PEG ‘nolecule
= o
E Site of PEGylation
es @
“>" Type of linker
-]
E » ‘
2 W bt == m = o (eSS LSRR SR S AL IS
E" S Type of protect:g group |
TR
w Type of solvent
B )
2
5}
e |
Low Medium High
RELATIVE OCCURANCE

Figure 8. The relative occurrence and relative severity diagram of the CPPs.
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42. 'LVEWXLBQUW $

The main focus in this study was on evaluating the risk factorghencequired decision
points in PEGylation process of PGLa. Fromphaposed structure and mechanism of action
of PGLa, we suggested twimssible ways of PEGylation procesdsterminal PEGylation

or PEGylation at specific positions. The second approach is worth teiriog it can slow
the degradation process and increase bioactiviBGifa. Howeverthe attachment of PEG
molecule in different positionsan cause PGLa tode its positive charges and reduce the
antimicrobial activity. Several limitations that result in significant risks influendimgl
product in both PEGylation manners: large PEG moleculentéderence of PEG molecule
with the mechanism of action 8iGLa,non-hydrolysable chemical bond between PEG and
peptide influencethe biological activity of PGa etc. Moreoverduring synthesis of
PEGylated PGa by FMOC strategy different factors such as the seledifigrotecting
group, acids and bases uses d@protection and washingteps, linkers, solvents and
activating agents, the rate of FMOC hydrolysis and occurrence of side reactions, should be
considered for enhanced pharmacokinetic properties of PGLa. According to the rBgylt of
the size of PEG moteile, the site of PEGylation and the type of lihker were found as
having the most critical impact among the proaetated parameters. So it is crucial to
consider them more carefullyefore designing the experiments and performing them in
practice.They display greater potential to enhance the use of PGLa as therapeutics. These
factors can significantly influence PGLa formuladffecting the haHife and antimicrobial
activity and overall efficacy anguality of it. The selection of protecting grausand solvents
during thesynthesis of PEGylatedGLais also affecting the QTTPs of final products but
are leading to less risks comparing to other mentioned parameters

In this study the risk factors that influence the PEGylation procé¥S o were inestigated

by the application of the Quality by Desig@bD) concept. This approach is resulted in
identifying the criticafactors with the highest effect on the quality of a final modified AMP.
The priority ranking of these factors is as following: itsafisize, its conjugate activity
(increased) and its specificity (increased). @@ other hand, the following critical
influencing factors durin@EGylation process were found to be inmtpot respectively: size
of thePEG molecule, PEGylation site and tigpe of the linker. Other factossich as type

of the protecting group and solvent have lower eféechparing to the three others. This
strategic QbD based developmésdds to an optimized formulation of PGLa for a potential

drug deliverysystem. Incresed circulation time, reduced toxicity, improved permeability,
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selectivity, viscosity and synergic effect is achievable by considering all the critical
parameters during the strategic and risk assesdmaset]l design of the experiments. The
selection of tk rightmethodologies and materials in the synthesis of the PEGylated AMPs
and their formulation development is vital in proper optimization. $tudy confirms that

the riskbased approach in PEGylation design @nocess can help to focus the efforts

(human, financial, time) on tHactors with most critical effects on final product quality.

43. SHWOWND UW %

4.3.1.Enzyme activity

The enzyme activity was measured according the speed coefficient of degrading of
Micrococcus lysodeicticusell wall. In Table 4 the enzyme activity results can be seen in

the case of the all samples prepared according to factorial design. In all cases the enzyme
activity was between 12.1 and 65.2 %. The highest value was at 10 pH (+1 level), 0.006%

alginate concentration (+1 levedhnd with 1 h mixing time-l level).

Table 4 The enzyme activity results

Sample Enzyme activity (%)
1 12.10
2 19.18
3 30.49
4 65.20
5 41.60
6 27.14
7 19.77
8 47.99

Based on thestatistical evaluatiarthe effect of factors on enzyme activity dag seen on

the response surface. As the response surface of enzyme activity shows, enzyme activity will
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increase with increasing pHFigure 9), which can be explained by the IEP of LYS (pH
11.1). If the pH is much lower than the IEP, the secondary steucfuthe protein may
changeThe amount of.-helix structure correlatasell with enzyme activityThe following
equation was obtained as the output of the statistical analysis

y=32.92+7.94%+6.96%+1.20%+8.78XxX2-8.19%X3-3.51%X3 Eq. 3
R?=0.9838; MS Residual: 28.69

" statistically significat (p<0.05)
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Figure 9. The response surface (alginate concentration on zero level) and tloégored

values of enzyme activity

In this caseonly bop was a statistically significant factor, which means the average value.
Alginate concentration ¢ had he largest effect on enzyme activity (7.94), and phidiso

had a great effect (6.9@t¢.3). In this range mixing time had sagnificant efect. The twe

way interaction coefficients were also high fakxand xxs The correlation between the
predictal and the observed values can be sedfigare 9. It can show the accuracy of the
calculated mathematical model for enzyme activity. This means that enzyme activity can

predict well in this range with the application of this mathematical model.
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4.3.2.Encapsuldion efficiency

After the precipitation step, precipitation efficiency was calculated according to the UV
spectra of the supernatant after centrifugation. In this case, average precipitation efficiency
was 66.7%, so 0.4002 mg of the precipitated LYS reethin the system. The next step was

the layering of alginate with alginate solution of different concentrations and different pH
values. These samples were centrifuged again and the supernatdif $gectra were
measured. From these data, the loss of LwW& calculated and summarized with
precipitation efficiency, after which encapsulation efficiency can be calculated. EE was
between 62.98 and 66.35 % in all cag€able 5). It is a very narrow range because
approximately 97% of the entire loss of LYS v@st during the precipitation step. After the
layering step, the concentration of LYS of the supernatant was very low after centrifugation.
It can be explained by the electrostatic relationship between LYS and polyanionic alginate
because the redispersiprocedure was performed directly in the alginate solution and LYS
could not solve in the buffer because the formation of the alginate layer on the surface of the

precipitated LYS started immediately. The alginate layer formed can protect LYS.

Table 5.Theencapsulation efficiency results

Sample Encapsulation efficiency (%)
1 65.17
2 65.76
3 65.65
4 65.87
5 62.98
6 64.21
7 63.64
8 66.35
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Figure 10. The response surface and the predicted values of encapsulation efficiency

The effects of mixingitne and pH were important factors, but statistically not significant.
There was no great difference between the results because 97% of the loss of LYS was lost
after the first centrifugation (first step of formulation) and the first precipitation step was
performed with the same method in all cases. Therefore, the values of the coefficients were
very low and statistically not significant. An inverse relationship can be seen between mixing
time and EE Figure 10). This can be explained by the starting of diesolution of LYS

from NPs. Therefore, increasing mixing time is not recommended. During a mixing time of

1 h the alginate layer can be formed, which was confirmed by the negative Zeta potential
values in all cases. The other important factor is pHyigdase the coefficient was +1.19

(Eq. 9. Fig 2reveals that this factor had an effect on EE only in the lower pH range. In the
higher pH range dissolution did not start after a mixing time ofiedan be explained with

the isoelectric point (IEP) afYS (pH 11.1) because at around pH 10 near the IEP, the charge
difference between LYS and alginate is lower, therefore the degree of the diffusion of LYS
is lower in the polyanionic alginate solution. The third factor was alginate concentration, but

this dfect was very low (0.85). In this case, a low linear relationship was detected between
the factor and EE.

The predicted and the observed values can be seEigune 10. The predicted values

correlate well with the observed values. This mathematical hoadebe used to show that
EE can be predicted well in this range.

y=64.95+0.85%+1.19%-1.32%+0.28x%X2+0.55%X3+0.78%X3 Eq. 4

R?=0.9867: MS Residual: 0.7875
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4.3.3. Results of particle size and Zeta potential

Particle size was measured freshly before lylegation with the laser diffraction method.

7TKH UHVXOWY ZHUH EHWZHHQ Tablz @ .QG\fter the @deipitadio® O O F D\
VWHS WKH DYHUDJH SDUWLFOH VL]H ZDV “ QP ,Q HDFK
size was smaller thafter the first step of preparation. The reason for this is that the polymer

layer can resuin a more compact NP structure.

Table6. The particle size results

Sample Particle size (nm)
1 185
2 170
3 184
4 207
5 164
6 168
7 165
8 177

210
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195

190

185

180

) 228 SPVRd

Predicted Values

175
170
165

>190 160
<190

<180 155

<170 155 160 165 170 175 180 185 190 1956 200 205 210 215
<160

([

Observed Values

Figure 11. The response surface and the predicted values of particle size
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It can be seen iRigure 11that mixing time had the greatest effect on particle size. During
mixing, the dissolution of LYS can start from the NPs, and the degradation of the polymer
can also start in parallel with this process. This can cause a decrease in particle size. The EE
results confirm this because in the case of higher mixing time, EE was lower because of the
dissolved LYS during mixing. In this cases)(xhe coefficient was9 (Eqg. 5, which means

an inverse relationship between particle size and mixing time. The alginate concentration
had a smaller effect on particle size. The coefficient was &5 and there was a linear
relationship between particle size and alginatecentration. It can be explained by the fact

that a higher alginate concentration can result in higher layer thickness, which can lead to

larger particle size.

The coefficient of pH (Y was 3. The effect of this factor was the lowest, it was not a
statidically significant (p<0.005) factoFigure 11 shows that here the predicted value also
correlates well with the observed value, therefore this mathematical model is well applicable

to predicting particle size in this range of parameter setting.
y=177.5+5.75%+3.0%-9x3+5.75%X2-3.25%X3+1.0%X3 Eq. 5

R?=0.9226: MS Residual: 112.5

The alginate layer on the surface of the precipitated LYS can be observédiguaie 12).

The particle size correlated with the results determined with the Mastersieer drashe

TEM, approximately particles around 170 nm are visible. The-sloe# structure is clearly

visible in the TEM images, which is also supported by the Zeta potential values. The Zeta
SRWHQWLDO YDOXH RI WKH /<6 VROXWLRQ ZPY¥ IR'U P96DQC

NPs layered with alginate in all cases.

ki 500 nm

Figure 12. The TEM pctures of alginate layered NPs

33



4.3.4.FTIR and the secondary structure analysis

The samples were analysed with FTIR in KBr pastilles. The amide I, Il and Il characteristic
pe&ks of proteins can be well assigned in each daggi(e 13). The amide | region can be
found between 1700615 cm' [30].

1.1 — alginate
1 Lysozyme Overlapping of NH2 and
— samplel OH groups
— sample2
0.8 — sample3
0.7 | — sample4
0.6 | — sample5
sample6
sample7
0.41= sample8

Amide |
0.9

Amide Il

0.5

Absorbance

C-O-C bridge

f

’\/\A /,./M
A L = ]

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers [1/cm]

Figure 13. The results of FTIR spectroscopy measurements

After the second derivation of the 170600 cm' region, the deconvoluin of the peaks
was performed, the results of which are showhigure 14. Seven main peaks were found
in this region. At 1685 crh 1637 cm' and 1629 cm the Esheets, at 1672 chand 1666
cm! W K-#lirns, at 1654 crh W K-Helix right next to 1648 crhas random, at 1618 cin

the side chain structure was specific.

7KH DP R Xkl oRdther structures can be calculated from the area of the peaks. In

Table 7 WK H D P R-KaW¢armbe seen. For the raw material LYS, fhieelix content

was 22.69%, which is lower than the literature data (40% [97]; 34% in phosphate buffer pH

5.1 [98]; 40% in RO solution [99]; 30% in water [100]). This may be due toZe=dried

LYS because this product may be more sensitive to environmental parameters than spray

dried LYS. The Dhelix content of precipitated LYS was 19.66%able 7) The Dhelix

content of the samples was higher than this value in all cases excephfile 3aand Sample

5. In these cases, both alginate concentration and pH were at minimum levels. The reason

for this may be that at pH 61( level) the alginate concentratiofi (level) is too low to

stabilize the NPs, but if mixing time increases to 2 K H-helix content is also higher
6DPSOH ,Q DOO FDYVH V-heliXx wasKaweStharzdd pH 10. WhisHtan be
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H[SODLQHG ZLWK WKH ,(3 R I-heti6content néartheD XPVCHN ¢ Kibher

than at lower pH. The effect of pH anuxing time as well as the tendency of tBelix

content can also be observed on the response surigoeg 15).
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Figure 14. Deconvolution ofnfrared spectrum of LYZ, precipitated LYZ and the samples
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Table7. The Dhelix content of theamples

Sanple Content of Dhelix (%)
LYZ 22.69
Precipitated LYZ 19.66
1 13.76
2 22.61
3 20.37
4 22.05
5 19.13
6 21.16
7 20.94
8 21.25
24 22 o° °
g 2 21 &
g2 ST g% °
% 18 S g 19 -
%i_ 1:; “’::,::?:"OAQAQ § 18
: . > 22 4 -
- <22
T1<20 13
o <18 12 13 14 15 16 17 18 19 20 21 22 23 2
N <16 Observed Values

Figure 15. The response surface &thelix content (alginate concentration on zero level)

and the predicted value
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This tendency correlates very well withetbnzyme activity resultgigure 9). It can be seen
WKDW HQ]J\PH DFWLY L WAelbxQdehtettD M Hhé calrs¥ kof theKdthtistical
evaluation, there was no statistically significant (p<0.05) factor. Tieetg of all factors

were positive (Eg. % which means a linear relationship between the factors and the
optimization parameter. The coefficient of pH was the highest value (+1.61), which can be
explained by the fact that the secondary structure ofipsoteay change with changing pH.

‘H IRXQG WKDW WdixinEré&aReX €idlthRwith increasing alginate concentration
and mixing time.

y=20.16+0.99%+1.61%+0.46%-1.11%X2-0.52xX3+1.02%X3 Eq. 6

4.3.5.CD spectroscopy

Figure 16. The resuls of CD spectroscopy

As shown inFigure 16, the spectra of LYS NPs and algindféS coreshell nanostructures
FRQVLVW RI PRUH GLVRUGHUHG VHFRQGDU\ VWhEHIXFWXUHYV
content is 41.79 %, 22.75 % and 35.12 % for LYS, pretgd LYS and corshell NPs,
respectively. Based on the CD measurements, the protein chain unfolds during the synthesis

of LYS-based NPs, while the alginate shell causes a more compact structure because it wraps

and compresses the chains of the predgiitarotein.
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Comparing the results obtained from the FTIR spectra, it can be seen that there is only a
VPDOO GLIITHUHQFH EHWZHHQ WKH SUHFLSLWDWG /<6 DQ
results for the starting LYS (22.69%) and NPs (21.16%). Tisoretr this may be that the

FTIR measurement was performed in solid state of protein, while CD spectroscopy was
measured in liquid. Therefore, only the precipitated LYS had a similar value f@ttakx

contents (3% difference) because in this casemtbepitated LYS was also present as solid

particles in the liquid during the CD measurements.

4.4. "LVFXV\BIDRIQV %

In this study, a simple procedure and analysis for the preparation ofloelfeNPs
containing LYS were presented. The secondary struofiat samples was determined and
I < ix, pH was the
PRVW LPSRUWDQW I|-befivg¢étandariy stiDckliveHs pydséht to a greater extent
close to that of IEP of LYS. These opization parameters correlate well each other. During
the formulation of NPs containing LYS pH 10 is recommended. The coefficient of the effect
of mixing time was the highest for encapsulation efficiency and particle size, since the
dissolution of LYS stded during mixing, therefore a mixing time of 1 h is recommended
GXULQJ IRUPXODWL R QheliKdhtdnt-bV/ET (R \&hd DI méaKurements were
very similar for the precipitated LYS due to the solid state of LYS. In the case of alginate
layered ad raw material LYS, the difference was very high because of the liquid form during
the CD measurements. Mathematical models were set up successfully in accordance with
the QbD guidelines, which can be used to predict future optimization parametersignd des
space determination in this range. In summary, this information may help the design of the
formulation in the future because it was a very simple composition with a minimal number
of excipients applied, therefore only the factors can affect the optimizparameters no

other effects should be considered.

38



5. 6800%5<

Many researches have been done with the aim of overcoming AMPs challenges. Different
modification strategies as well as different delivery development ideas were offered by these
researche& However, pptide modifications and formulation of peptide delivery systems are
challenging tasks and hide several risks. Understanding and evaluating the etease
relations within the initial Risk Assessment (RA) step in case of all attrilsuteselty since

it gives the basis for thexperimental design as the next step, and aids the formulation
development in order to get the final product in tdngeted quality rangdt also helps to

focus on the resources (human, financial, time) relatéduketéinal product quality aimed at.

By means of RA method within QbBpproach of early pharmaceutical development we
monitored the factors with highly risk potential in the PEGylation process and risks such as
loosing antimicrobial activity of peptide amrevented. The selection of CQASQAS
QTPPs, CQAs and CPPs/CMAs of a PEGylated PGLa famuds performed and
interdependence rating among the QTPP elements and,@@A=ll as among the CPPs

and CQAswas performed. This careful theoretical study ledhe selection of the right
methodologies and materials in the synthesis of PEGylated AMPs and their formulation and
consequently resulted in obtaining optimized formulation.

,Q RXU VHFRW éncapsuldted in a noved RO\H O H F W\KROQOOWGQIDRRISHD H V
WKURXJK WKH /%/ WHFKQLTXH XWLOL]J]HG DV D FDUULHU V\
The preparation of LYZ NPs was made according ¥éul? factorial design with QbD
approach

Our aim was to understand the effect of process parameteuglthtioe determination of
mathematical equations, based on which the optimization parameters can be predicted under
different process parameters. The optimization parameters were encapsulation efficiency,
particle size, enzyme activity, and the a¥i@ W-hRelix structure. The nanoparticles were
analyzed with transmission electron microscopy (TEM), Fodrarsform infrared
spectroscopy (FTIR), and circular dichroism (CD) spectroscopy. Based on our results, we
found that pH was the most importamicfor and pH 10 was recommended during the
IRUPXODWLRQ (Q]\FhElixzéntEnt ¥drrdldted Wit each other very well, and
particle size and encapsulation efficiency also showed a very good correlation with each
RWKHU 7KH U HdiX&@mext & FTWR laktl CD measurements were very similar
for the precipitated lysozyme due to the sdlidte of lysozyme. The mixing time had the
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best influence on the encapsulation efficiency and the particle size, which leads to the
conclusion that a mirg time of 1 h is recommended. The novelty in our study is the
presentation of a mathematical model with which the secondary structurelggdhgme

and optimization parameters can be controlled in the future during the development of

nanoparticlebasedn the process parameters.

6. 129(/7< $1' 35$&7,86()8/1(66

Following the literature evaluation as a preliminary step of our project, our knowledge
specified on optimal structural features of antimicrobial peptides and prateichanism

of action, thespeutic aim, advantages and limitatiamsyel modification methods amdvel
carrying opportunities of thenTherefore, we started to investigates risk factors that
influence the PEGylation processREGLa by the application of the Quality by Desigm an
after it we started another phase of our project; usiig as a good model protein and
preparing NPs containing LYZin a novel formulation strategy as laymy-layer
polyelectrolyte coreshellNPs

x The integration of the Quality by Design (QbD) approacihhe early pharmaceutical
developments supports researchers in optimizing the targeted product bybasask
manner. In the first phase of our work we presented a Quality by Design based
antimicrobial peptide modification and formulation design
9 5LVIDFWRUV WKDW LQIOXHQFH WKH 3(*\ODWLRQ SU
E\ WKH DSSOLFDWLRQ RI WKH 4XDOLW\ E\ '"HVLJQ
9 GHQWLI\LQJ WKH FULWLFDO IDFWRUV ZLWK WKH K
PRGLILHG $03
9 7KH SULRULW\ WDRDQQDRWHRFWY. LWV ILQDO VL]H
LQFUHDVHG DQG LWV VSHFLILFLW\ LQFUHDVHG
9 7KH IROORZLQJ FULWLFDO LQIOXHQFLQJ IDFWRUYV
IRXQG WR EH LPSRUWDQW UHVSHFWLYHO\ VL]H F
VLWHWBEKOGW\SH RI WKH OLQNHU 2WKHU IDFWRUV
JURXS DQG VROYHQW KDYH ORZHU HIIHFW FRPSDL
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X

9

2SWLPL]HG IRUPXODWLRQ Rl 3*/D IRU D SRWHQ!
,QFUHDVHG FLUFXODWLRQ WLPHG USHHGEPHDE L &/IR\

VHOHFWLYLW\ YLVFRVLW\ DQG V\QHUJLF HIIHFW

In the second phase, cesbell nanoparticles containing lysozyme were formulated

with precipitation and layering sedfssembly. Factorial design (DoE) was applied by

setting the process parameteturing the preparation with the Quality by Design
(QbD) approach.

9

,Q WKH FDVH RI WKH HQJ\PH DR IOYLL VW KIHQ &+ WZIDHY F
PRVW LPSRUWDQW |DBVRR U<E HFR XD/ URID@HD H [ W |
KHOL[ VHFRQGDU\ VWUXFWXUH

'XULQH MRKUPXODWLRQ RI 13V FIRQWIDERRPHQGH G +
7KH FRHIILFLHQW RI HIIHFW Rl WKH PL[LQJ WLPH :
HQFDSVXODWLRQ HIILFLHQF\ DQG WKH SDUWLF(
GLVVROXWLRQ RI /<= GXULQJJK WHKIHL @ 1[WQP KW KB QF
UHFRPPHQGHG GXULQJ WKH IRUPXODWLRQ
7KBKHOL[ FRQWHQW R1)7,5 DQG &' PHDVXUHPHQW
LQ WKH FDVH RI WKH SUHFLSLWDWHG /<= EHFDXV
FDVH Rl WKH DOJLQDWH OD\HUHG DQG WKH UDZ P
KLJK EHFDXVH RP \@XM LALIT WIKG I&UPHDVXUHPHQWYV
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Abstract: With the increasing development of antibiotic resistance among key bacterial pathogens, there is an urgent need

"1’ EYZ>1—"YZe1E*SmeeZel e1lS—e' < "' Eoil ¢+ "2'1S—e' " E>"Se1l™M7Z ™M e7 01
©'e7>721-S“ H>1ES—e'eSeZle>1—Zje,oZ—7>5¢""—18—¢' "' E®DLEZYZ>Se1E ‘SeeZ—-
applications.

—1S1eS5071¢"2¢17e152@ZS>E 'd1le'Z1e" €zl ®le’'YZ—1e"1e’ Z57Z—e1S™M™M,"SE ' Zoele"1
—Ter ESeT—@1-S¢1'-™>"YZ1e'Z1@eS<’eCdLS—' T ELSEY e CEL™>"eZ"e¢ELSE-
fects of AMPs. On the other hand, another group of research investigates the delivery of AMPs via nanocarrier systems as
©e>SeZe' 70172071 17Z—'S—EZ1®eSc e eCOLE —e>"ele'Z1572¢7S®@Z17e1™7Z™e’e71S—
as improve their anti-microbial activities.

—1e'Z1™>7@Z—*1S>¢" €281 Z1®7>YZC¢Ze1-"e1>ZEZ—++C¢1™7ce’'®'Ze1>Z2002ZS>E ' Ze1l:
07872572 ®@1-ZE'S—"®@-1"e1SE+""—031+'2>S™MZ77¢’ E1S -01SeVYS—2SeZ@1S—ele' = eSe "
—elee>SeZe’Ze17e1l il —SeeCtdISEE >’ —ele"1l 2S8e7e¢1c¢1l Zoe'e—d1le'Z1-"el =™
3’001 Z>Z1-Z—""—Ze1'—1'Z1e2YZe"™-7—e1"¢1 1eZe'YZsC¢letoeZ-cei

Keywords: —e'<'"¢'(E1>7Z@' ®@*S—EZ81 —e' =" E>"<'Se1™MZ™e'e7@d]l “cee,*>S—@eSe’"—Se1-_"
design

1 Introduction ©'7>21S8>72172 1751 —"1>2Se—-7Z—ee1SY!
o'"— @l ' '1EZ>eS —1-"E>""reS—"e—ce]

Antibiotics are substances that treat infections by —S—¢1eSEe">@1e'Se1S ZE*1<SE+Z>'Se]
S ZEe'—e1<«SE+Z>'S1e'>"72+"1« "1 — Sdntiblotic/ i@ IUsling 'tbee-spedad of resistance genes
a bactericidal or a bacteriostatic one. Bactericidal and the over-prescription, overconsumption or
S—e' <" E@®L" e 1<SEZ>'S1e>ZE2l@ELZIZINSEZYTEBRILYWYV . WXpi
"E1 S—e’' T Emr]l M>ZYZ—e1 +'7’>1 «Sineé lthe¢dlobal phillc -healthcare system has
¢'Z-1"—+"1S1e+*S+'"—S>¢1 ™" 'SeeZY bR threalep@ddbyp antibiotic-resistant bacteria,
Skl ZsdBRBD ZE'YZ—20edLSELLZeTUsT 2@ I AAABZSAE 25001 ™> " ™M~ Zele
reasonable cost are vital features that antimicrobial ¢Z>—Se’'YZ1 SeZ—eel “"E‘1l $>721 ESe-;
SeZ—esel-7®e1™ " eZEEle 1™ Y WAL d76/1M ' YELL' Z>S™Méle ™MeSE1S1e
yYpPil ‘Z1-S“H1E " —EZ>—1S<72e1SS - ERAIENV RM-ZISLYWY . W[pi
ty of bacteria to develop resistance to them. This
became one of the greatest challenges in theglobal 2 Antimicrobial peptides
healthlce ZE «™>1yZ . \pil —1e¢'Z1SeZ1W \V®e1S—17S>¢¢1W_]Vedl
e'Zle'e—' ES—el®@ZEEZeol +1 SAMPS-cHiE bé «c8egbrzark badeE o7 their source,
ated a misleading belief that infectious diseases target, structure, mechanism of action, therapeutic
‘Sel«ZZ—1722SeZi1 =~ ZYZ>81 — 1S ZAIXVWY EB*"aZIES—e1 ¢ 5-7eSe¢’ " —

tious diseases remained the second leading cause 1 E‘'Z-Se' E1>Z2™>7Z@7Z—eSe’"—1 el e’
of death globally. Moreover, the emergence of anti- ¢’ "—ae 17«1 el ol edy7 PNokdrdi to
biotic multi-resistance 1 ' 1 ' — € > Z S 631 Mo lod2—31% " 234781121’ 151

™MSre@l ele‘Z1lee™ 781l 21E>ZS’' ¥S2SFeS H>ILESER —-ASEL-—ei

DOI:10.33892/apl2022.92.20-37


http://doi.org/10.33892/aph.2022.92.20-37

APH 2022;92:20-37 Acta Pharmaceutica Hungarica 21

XiWl Z —'¢'"—810+>¢31@ " Z2>EZXIXIWT 1S »1SV E-S 4o -1
of action
Based on secondary structures assumed by AMPs
The relatively small size of antimicrobial peptides in the presence of other biological membranes,
(<10kDa) made their isolation possible only inthe ¢‘Z¢1S>Z1@ESeZe > £Z¢1’ —e"1e’ Z57—01
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and granules of human and rabbit granulocytes.  (Figure land20 1y X[.X]pT
Since then, a large number of additional antimicro - Circular Dichroism (CD), X-ray crystallography
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ES—17™>57e7eSe71'Z17i™>7Z0ece’” foln <mphipatiit «helice i Leddin-erganic sol -
2727S>¢"«  ELEZeeel1YyW"pil ‘Z¢1>7Z2 V720 feddldtEiII1S@L-71727>"7Z«'S—"0il
of short, cationic or anionic, geneencoded peptide AMPs disturb the bacterial membrane by employ -
S—e' T E@il Zee™'eZ1 'Sy’ —«1 S variolsTiechdnisms «af &ction, including the
tures (such as cationicity, amphipathicity and short ~ formation of barrel-like bundles (barrel-stave
size), AMP sequences vary greatly, and at least model), carpet-like clusters (carpet model) and
four structural groups have been proposed to in- toroidal pores (toroidal pore model) into the
corporate the diversity of the observed AMP con- membrane.
"5S¢’ —i1 el oFifure-1 AMPs are pro- el 'o'tf,e'ZZ1 ®3F®ZE 1 Sl
duced by bacteria and eukaryotes, such as proto- t,9Z¢Z—@’ —@1S—e1 ™M>7eZe5’' 31751
zoa, fungi, plants, insects and several types of vee  ¢7>7Z @1 0eeSc e’ £7¢1 <t 1l e’ eZe oZ1 <>’ ee7a
©Z2>SeZ18S—21"—VYZ5¢Z2>SeZ21S—"—Sede@lZZ¢N etB W'SYVES1> e’ eleerzEe2>2Z
riety of targets, including Gram-positive and terial membrane is disturbed by a perpendicular
Gram-negative bacteria, parasites, fungi and some insertion into the lipid bilayer and the formation
Y'>72eZoelyW_ . XYpil 1¢Z—Zoel-S>dflomiddiqguores-e1’ —1e¢'Z17Z
— 272 E1-S¢Z>'Se1791S1—7-<Z>1%e1-S+28ke?iz7®473710...1, ™ Z Hehsadoe il
™yZee'"—1"ele'Z@ZleZ—72®1'S®I«TE L EE+BLIS"MI1S] «""™]12"5_Se
ent cells, including neutrophils, monocytes, mac- 0eZes ¢Z1<>’eeZ1yYXdYYpi
rophages, epithelial cells, keratinocytes and mast The extended AMPs 81 “"E‘1S>Z1>" E‘1’—1c¢
cells. AMPs are synthesized as pre-pro-peptides amino acids, have irregular secondary structures.
S—e1S1™ e, e5S—@eSe' " —Sel ™" EF @A ElenZ@ZL' FEZMe Tt 1 '~ 1S —-o"-
—Se7>8¢’" — 1" —e"1SE'YZ1I™MZ ™ e Z @MY XZOK[[SieeZ>1 ' —eZ>SEe’'—el 'e'1e'Z:
An insight into the mechanism of action of AMPs  undergoing consequent conformational changes.
is essential for the further development and design —e"e'E’e’—1 "e'1IWY1S——"1SE’e®@d1!
Tel"™e' f£701 @1e'Se1E 7001217 G 7ML TR HIOFE —+S'—el YZ1 +>¢
therapeutic drugs. Thus a broad range of research  three proline residues. The peptide adopts a poly-
es are assigned to study the mechanism of action of L-II helical structure in the presence of liposomes,
el yX\.X"pil EE >e'—+1 "1 «'Zand thedge Zddted of mydtdphan residues is re -
©1S>Z1e'Y'eZel ' —e"1le "1-S' —1e>E™mpEieSm@Zaly>1le'2'>1 —eZ>SE-""—1
their mode of action: membrane disruptive AMPs  branes.
and non-membrane disruptive AMPs y X _pi
XiXiX1 ‘S>eZ1
XiX1 e>7@E+2>S¢1S—e1™' ¢’ E " E'Z-"ES+1+2Se7>7
Many of the antimicrobial peptides display a net
‘Z1S—e' —"E>"<Se1SE-'Y +¢ 1S —- lpestivé CRarg¥, 2dnging Goim 2 10”9, and may con-
®1S>Z1e’'s—" ES—eeCl’ — 72— @BII<LT' ¢l >ZELES'"— ELl"-S'—
tural and physicochemical features. Furthermore, 'celZooeZ —e¢'Sele™>1e¢'Z1 —'e'Sel177E
ReZeC’ —ele’ Z57Z—elee>Z2E+7>Se1 ™aBtiSierdbid > peptides tocerfegatively charged
is a vital part of the design and development of phospholipid membranes of bacteria and other
—"Y¥Ze1S—¢' —"E>"<'Se1SeZ —eel-"¢'1AE>"S>+FEZ RS’ yYVAYZ.Y Pil- ~ ZY7
E> "< Se1SE'Y's¢1yYVpi tionship is not fully linear. Within a certain range,
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increasing peptide cationicity is generally associ- —Ze¢1 E'S>eZ1¢>"—1\1¢"1]1ZSee1+"1S5-

SeZel '¢'1 ' —E>Z2S0e’—<1 S—+’ -’ E >RemBlytic propehsity ahdlo aldss of antimicrobi -
'—eeS—EZd1eeze’Zel 'l —S+S’ al actilitk 1TBerefdre; «itechreebé doncluded that
Sel’"—E>2S® —e1eZ1E ‘S>e 71" 21NV T1RILI ol @td k72611 ‘'E"*1-
creasing antibacterial activities against Gram-neg- tive charge no longer increased the activity of

" (E >z
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Figure21 ‘Z1+"7>100e>72E*7>2Z1E*SceeZel™1 oildSul..,'Z« ES<10 ,Y]udlo<ilt,oce
OEGL..T,™MZ™e eZ@10-"jZs,@>2E*2>2010 "E>"E" —1 X[01S—e10s01ZjeZ—4Z10—

AMPs are cationic, anionic AMPs (AAMPs) have —Se’'S—1@EZeele " {"E’¢¢1S—ele el e
also been described as an integral and important ~ E’e¢il ‘Z>Z¢ >Z81—-"eZ>SeZ1 ' ¢Ce> "™ "¢’
part of the innate immune system and increasing- Z+1Se¢S’'—el¢'Z1<SE+Z>'Se1-72->S—71
oC1l 'eZ—e’ Zel '—1 YZ>eZ¢>SeZ@ed1by-Woah eZal>&he& lmehr Systeine-deleted tachy-
™eS —eel "YZ51 ¢'Z1 +eSeel oZESeZTWeV 0p' i+ 10ZUdAZIS 2 F*1e'2172-ZE+1"
peptides are rich in arginine and lysine, AAMPs ~ ¢¢1~—1S—¢'—"E>"<'Se1SE+' Y e¢il —S=«
are small peptides rich in glutamic and aspartic  phobic isoleucine residues placed throughout the
SE’eeil ®1¢'Se1S>7Z1 E"-™eZ |7V E37L£EZESL H>Le'™ Z+1E -™S>S<e7Z
highly cationic peptides, are often more active Se1S@Ee’'Y’'e¢1le™1 1cZele™ Z>1'Z-"eCce’0
'S 1—77¢>Se1™MZ7Z™Me' o701 51 " @Z1l "¢IS1e 125 0FES02127Se72>7Z0010E*S>
yZVpi phobicity, amphipathicity) and a good balance be -

© 22—172Z1E'S>SEZ>’ e Erlae"' .
XiXiY1L —™ " ™MSeE'e¢10 U1S—e1 ¢ E ™" SIES@LITV'@C1S—ele” Z>1EGe " (

te'el —1-S——Se’'S—1EZee1yY\dZ[p]
—1S157ZeZS>E"1 442 IHSdimplipathic -

ity of antimicrobial peptides plays a crucial role in XiY1l 'Z>S™Z77¢ E1S’ -
™~371e"5-8S¢’"—1S—e1ES—1Se@™"1E " —e>'«72¢21+"181<2427>1
understanding of the mode of action in antimicro - ;e lcee'” -Hdure-lAnd Table | AMPs can be cat

’Sel ™M7Z™e’eZ el yZW3ZXPA 2hiv&S wed “ Zegarized based on their therapeutic aim. Recent
™"e70le¢'Sele'Z1S—e’'—"(E>"<' SelS Eeseirtheslave démonsi@tedttiat, in addition to
el MZ™e'eZ7el S>7Z1 —"eScet 1 Z—"'Sthe@ntinicrobial f8nefibns ¥f AMPs, these pep -
Se " E'e¢il "~ ZVYZ581S—12ie>2-7+¢15Z%1VERETSELS—1'-™ 5eS 015"
ture is not desirable in cyclic AMPs since it de- ™ Se‘“eZ —7Z0e'el "1 ®ZY7Z>Se1 ' — S—-—
E>72SeZel1e'Z1@™MZE’ E'«¢¢1S—e1 'y ZBZIPiR ZIEXESe7>SEs'T0elb7Z@7oecel”
'et17 70751 -7-S—Z1E"-™" 7 — .« 7V Y&lstaited release of drugs at the site of ac

Co> "™ " E'e01'1S1-S — 128731 I MIABZET¥IT{EZeeZ—21>7Z @7 0
membrane permeabilization of AMPs as it deter- E‘'>"—'E1 "Z—e0e1lyZApil —1e¢'Z1+Sce?
——Z@®1e'Z17ZjeZ—e1+"1 "E'1S1MZMsSZ1I-EFEISZI FMBselegd—T1 el Z1 "1l
el e'Z1 e ™ el 'S CZ5T1 T ZYZ581S 01l 2 EBYS Al EEdeeBAl — 281l ' —Eeze’
levels of hydrophobicity is strongly relatedtomam - S—e¢1’'— S——Se™>5¢1e’®@ZS®eZedl’ le’' &
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Tablel "—Z11%e1¢'7Z1-"e1>ZEZ—1>720072S>E‘Zele'™ '—e1YS>"" 71 el1S—eleZ">1
of acute or chronic diseases
Peptide Disease HT—"E& E Adrglglstratlon Ref.
oute
‘Zezoele'ZeSleZeZ—@'|— WEAPZ LMW1 —"2p¢10 @ y[Wpi
Se'ZeE e'—1 ,Y] Acute thrombosis y[Xp
SeZeeSe'—10 | Acuteand chronic pain Acute Parenteral y[Yp
Human beta defensins 1 (HBD1) Acute HIV-1 infection y[ZDb
s & S T e 1 Qnic ob ctlvepulmo- : g
S_1ESZ'E 10 qwﬂ;%(y dISsg e e Inhalation yZ b
HBD1, HBD2, HBD5 and HBD6 Crohn’s disease (CD) Chronic Oral y[Vp
LY Wound Dermal yIllb
tleZeZ—o — Chronic rhinosinusitis (CRS) Nasal y[\p
“le "1 e>"7i™Eel el SEZeZ1 S— I E—F a7 Sro7roi1
SeZel " —1'¢725S¢2>721>72Y'72Z 81 4
to treat chronic diseases should provide controlled - Chemical
: - Therapeutic modification
and sustained release by choosing the proper ad aim & ol
_ ’(E°>§°’~—l>~2°261 "'Zl é—l' administration
~ ~ p2 ~ ~ ~ ~ o route
*">—7eSe’ " —17e1l el'elZ ZE-'¥Z1 h‘::ﬂi’,t_
ZCE.I.l ‘2@1°‘21°IZ)STM22°,CE1S’—'J.N . characteristics
ES—e1'— 22— EZ1"—1+"5-2+8+"" Quality of
delivery of these peptides, and depending on the e modified
medical application of AMPs, the drug release formula
™~ e71S—ele'757¢ 571 2Z1Se—"—"¢ Fsil produict
o' Z>72—e1yZ O[Vpi characteristics
- AMP
S formulati
3 Advantages and limitations of AMPs ormiation
In relation to small molecule drugs, peptide thera - | Figure 3 Critical points to consider during formulation
peutics has considerable advantages in terms of
safety aspects. Since the products resultlng from eTee™ '—el 75710 le'Z1E> :ES]1"
‘7’51755 e¢Se¢'"—1S8571—S+7>S 1 Ssiderduti®gdrmaation 6 oBtdin a good quality
short half-life, only a small quantity of peptides is product ( Figure 3).
accumulated in the tissues. The result is a redue
tion in the safety risks caused by metabolites. Less Z1l ", >S— ST —S1&E'Z-"ES"-1

immunogenicity is another advantage of thera -
peutic peptides. Generally, even synthetic pep-
tides are less immunogenic than recombinant pro-
¢Z'—®1S—e1S—e' " Zeil

e™ZEe>72-1"+1SE-'Y
oZYZe~™

YS—eSeZ70e061

—ZeS<" e (EL1 eeSce’et1l S—el "

biological barriers, high costs and poor relevance
of antimicrobial activity of AMPs ’— 1 Yand“in
Y eFLECe""’
ed sites at active concentration due to degradation.

of AMPs

>Se7¢'7Z®@1e7E‘'1Se1

el ‘SYZ1 «’ = «Se’ " _ARHRS land ZifprdveS both «theit bio-distribution

1 ™ Zand Z&e 'of’ eleédraB¢E >Palyethylene glycol (PEG)
protects peptides from serum proteases and re
Z-1'"—1S1>SEZ+ZeelsSce
E'+¢1S—ele’ EZee 1" tivity, PEHAted peptides-display a longer circu -
CTEL SeZ>1loeTezc e

eZSm®eZoels"

¢Se’"—1e'-781"—1

—1¢'Z1—Zj*1E'S™eZ581 1" a1 ce Sistandes bidedmpalibdiZ ¢31-="S+1S+1 «~ ' E

<855'7Z>001 S$>71 <Z2'—e1 '—E>ZS e

—7Z 1E'Z-"ES+1-"9" ES-
YZe"™_7 01
o7—e1<>"Se e

'—es A SVIHETEZAC T L .
" —1 oe - STHepidmolytic ddgradationof peptides can be de-
“el eeSceZ81 -">71 E" cereaged Oy +prétéctigy—thelr ®" and N-terminus
™MZEe>7-1@¢—e'Ze EL™MIIME2V0eFH[pL1 >ZE-"eSe’"—i1

,1S—el ="'
—~— <1 sgoratioh-ef nbnMatdrab oF D-@ndido acids, cycliza -
®1Z-7502+1S®17Z0eZ—'Sel ¢ "w@t1I'SLENSASE —~Z—1 "¢l 721 ™M e¢Z
"e01S—01S1e™MIoGaZdl e 1L F@E™Mei&lee®EAL ¢eSe’'"— (1S
—7Z—+1yYZ3[]pil Zoe’'+Z e 1resBdrchérs— 3~ enllanteS the bioavailability of

E'-¢1
‘ZlTMZTM-'-21§>Z:
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Tablell 1 "—Z1"ele‘Z1-"0el>ZEZ—*1>2072S>E ' Zele'” '—e1YS>""2el dle'Z'>1+S5>
®tE®eZ-@1le™>1e"Se’ —ele'7-1S—e1¢'72"51Se¥S—eSeZ®dl>'0"1S—e1™Z6™ZEs'Y.
Peptide name S>e 7«1 & Nanocarrier Advantages Risks and future per , | Ref.
ease system spective
REZeZ—+ —, MSFL 7« {Soloble - Highly enhanced antipseu- | ,1 “cece’<’s’¢¢1~¢1'—7 E'Z—
e E&adW, XW | (treatment AuNPs co- domonal activity delivery of AMPs to the
of epithe- valently - Preserved mode of action |target infectious site
lial infections | E~—“Z2eSe|Zele T 1e>2721™ 7 ™’ p4&ck ofihfdrmation on
and healing |AMP via a <Z’—ele” i’ E1e"1"7—|3heHaGichulessgoverning
“ele'Z 1 —{paly@tilene |- Accelerated recovery of an | molecular interactions
tissue) glycol) linker |'—“2>Ze¢10e” ' —1S¢ZxZe ZZ—loeiCE‘l(EiﬁS(?p-,
- Resistant toproteolytic di- |AuNPs and cells or com- y
gestion ™eZile'aeoeZZ0R
,1 "E’eSe1SeS’ —ep1S1 'eZ1
range of microbial patho -
gens
- Ease of AuNPs synthesis
- Biocompatibility
Ubiquicidin i1@E"~+’d1/Engineered |- Enhanced antimicrobial 1 TESTCE eSe1Z| ZEee1S>7
29-41 (UBI) i1S 757« Lmubtivalent activity limited to certain types
silver na- ,1 7et1S —e¢ 1S — 1 of DicroGEgdisms
noparticles 'e¢1le” S>ee1l<SE-Zy:Sack otunddaBtanding | ., Yb
functionalized |tion of the structure of mul - y
et ] 1 ¢—Z>e"E1Z ZE - qaitafenbrianopmarticles
microorganisms and stabilization mecha-
nisms
.Y]1ad , i1@E ™+’ 8 1 Peptide-load- | ,1 —«' =" E>"<'S+17 Z-etbe taEcSofpasithe
, i1S7>Z7 7 aed mesoporo- |controlled in peptide-loaded |charge, mesoporous
us silica nano- | mesoporous silica nanoparti- | silica nanoparticles can
1 particle cle systems ESZeZl"i"E ~CLGapp—ce-l
human erythrocytes
,Y]1d , T1E "+’ 01 Mesoporous |- Potentialas animplantable | ,1 ™ 1«7j’E’ ¢
, i1S 7> 277 asilica contain- | material or surface coating
ing LL-37 - Controlling implant-related
infections, e.g., for multi- y™M\p
resistant 11S7>77ce
JYvia o, 11572522 ,Y\1e"Sp,1 o~ 157Z¢72S@Z1™>[-e71>"-12Z1
a ed self-organ- | hours up to 7 days
ized, verti- - It can be applied on the
cally oriented | surface of implants as lo- y™p
titanium TiO , | cally delivered antimicrobial
nanotube agent for peri-implant infec -
tions
Indolicidin Carbonnano- | ,1 *1ES—1'-™>"YZ11 722 ®3E61>2] 1 'eelcZ1
tube-indolici - | of indolicidin at 1000-fold tested in animal model AR
«’ — 1 E "~ — {esSeancentration than the yrrp
free indolicidin
Y[_ 81 XX\184524>77AMP-func- 1 T— e E - Further evaluating the
[11 tionalized - Help reduce the infection |antibacterial potential
silver-coated |on the skin model of AMP-functionalized
carbon nano- silver-coated carbon yr_p

tubes

nanotubes in a time-de-
pendent manner (longer

incubation times)

Y e 37

1" —1—7Zje1™
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Peptide name S>eZ <1 & Nanocarrier Advantages Risks and future per , | Ref.
ease system spective
Cationic peptides | i1 S Z > Z zRellero-pep- |- Fullero-peptides couldbe_ | ,1 ‘Z1>Zce’'—0el'$YZ1e'™ —!
tidecontain- | ZSoe’'s¢1™Z>' Ze1S—tastrodgdendericytol
ing cationic their biological activity retain the fullerene- / Vb
1 '¢'1 based peptides, it can y_
solid-phase be a problem during the
synthesis removal step
Z?E®' —Z7,>’E ' 13ET+’ dParamagnetic |- Enhanced hemocompatibil- | ,1 ~j’E’'+¢1>'ce’@1lS—+1S-_
microbial peptide 11S 7> Z zrendparticles |ity and antimicrobial activity V7> oe 217 ZE+1"|1SYS—EZ
a , encapsulated |- Liposomal envelope pro- nanomaterlals on the .
KALKKLKKALK in cationic tects the cargo against un ‘2> S™MZ7e L —p 7 1\; el
KAL) liposomes S—eZe 1’—-Z>SCE-'”pepﬂdes-‘1- Z1 y_Ybp
environment resulting in the
prolonged persistence of the
cargo in the body
Nisin Z i1S27>7ZzNardl - Enhanced stability, solu- |- No activity against
11272 ™" e Fstructured bility, antimicrobial activity, | Gram-negative bacteria.|
midis lipid carriers blodegradablllty and selec- T ZYZ>81'Z1SEp'Y ¢l
(NLCs) Y et17el™Z™e 07185802 tedS—, —Z+S4¢'YZ1<SE
bacterial cells teria can be enhanced by
,1 ¢—Z>e'e—1 Scelusmg theZhdlating agent
for the combination of nisin | ethylenediaminetetraacet-
1 '« 1E"—YZ—+ *— 6 «ti€ (EPTA). Therefore| y_Zp
otics .more studies are required
,1 717" @E’ ¢ 1’ — 1 - Bon-reerpdratilg nisin Z
cells and EDTA in NLCs si-
multaneously and_ test- .
el 071 7 ZENZ—Zecel
Y 'Nahd * — 1 Yfor topical
application
Human cathelici , |Infection, im - | pH-tunable - Enhanced solubility and - Limitations in control -
'—1 Y] munity and _ | nanocarriers | antimicrobial activity ling and
“Zz—-+1>7Z Ma&rned nano- |- Protection of the peptide triggering self-assembly
biointerfaces |from degradation by parti -
(OA/LL-37 tioning into the hydrophobic
self-assem or the hydrophilic sections of .
blies) the self-assemblies, or by e oL y_Ip
ESe'£Se’"—1Se1e'Z'p1 SeZ>,e"°™’e1
interfaces
- Dlrectlng the antlmlcrobla[ l B B
SEe'Y'e¢1e"1e'21S ZE+Zele'®ezZed
Vel — —E —ele"|"E ¢
N i1E"«’ 061 PLAand - Enhanced antimicrobial - Limitations of natural
o PLGA NPs activity polymer NPs, such as
11SZ>2e'+—"0S - Protection of peptide risk of purity variation
(infectious against degradation y1 2>t 751" ESeT—1"01
diseases ,1 e 1572¢72Se? PLGA-NPs can control y_1b
caused by - Biodegradablllty the structure, encapsula-
resistant mi- - Biocompatibility tion degree, administra -
croorganism) 1 T1eTiPE ¢ tion route, drug release
- Hemocompatibility and degradation rate
S16 and S32 Star-shaped |- Enhanced antimicrobial - Lack of information on |
group peptide activity ' Z1ZiSE*1-ZE'S—"e-1"1
and polymer na- |- No resistance acquisition | membrane disruption
noparticles by CMDR bacteria
synthesized ,1 7 17 j"E'e¢
via ring- 17  E e A
opening po- |- Selectlwty of the peptldes . y_"b
lymerization |+~ S>e@1™Se "e7Z —1"VYZ>1
mammalian cells
- Applications in nanomedi -
cine, particularly in the .
Zeosel eleZ—7Z1e'2Z>S™C
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https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ethylenediaminetetraacetic-acid
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Continued from previous page

Peptide name S>eZ <1 & Nanocarrier Advantages Risks and future per , | Ref.
ease system spective
Colistin i1S8 Z- 7 4PLGA nano- |- It displays prolonged ef - - It can be a novel antk
nosa embedded ESECL —1< " «—1ZmrdliSormviation
microparticles | compared to the free colistin |for T1SZ>ZelurRg e S y__ D
containing e ZE " —1"—1ECREL
colistin sis patients
Nisin 11 @E " dNisinpPLG |- The release of nisin from - It could be a promising
teriamono- |nanoparticle |¢'Z1—S—"™S;.’ (E «Zfmotl pfReseiviive yWVVp
cytogenes dependent
APO (All pep Acinetobae |APOmono- |,1 *1>Zoeze+Z+1’—1 (e lt-can hedBvelopetihs 5
tides optimized, |ter bauman |mer- 1Ze7E&Ze1l "7I—1'EBESIHLE  —"-"EStL s, —7
name of designer |[nii impregnated "Z—9+1<SE-+Z>'Se1eTtBeatment option to skin . W
S—er 7, —S—" 7K1 vz Zoel — 1.2 YNYWD
crobial peptide), dressing
colistin
%o, ™ 00 ,oCTEBELZZIWH Llez—(EL *1le'e1—"o1¢ e ™SI hEftufe it icalEbe
0%, U T12Z ™" e Ztipnalized ity to human corneal epithe - |used in blocompauble
"ce 0 1 |poly(acrylic lial cells _ST~ < zoel->Zaeo§’—:oe
T1E" <" |acid) ,1 Wv1iS—e1 [V’ —1-:“2-1?»82»2:18—- <SE-Z_
/poly(vinyl T1Z™ e 7> T48F>F 70>"Se1S—e1S—e'aZ2p WYX
alcohol elec T1E".’ ciency, and potential
trospun na- S™MM™Me ESe'"—1Sleel "z—-1
—" <«Z>cel dressings or other medi-
cal uses
Novicidin 11"’ d0Octenyl -ltis coIIoidaIIy stableina |- In the future other
i1S8 %> 7 zamccinic physiological ionic amphipathic AMPs may
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eZ—EC171 > 1SE"—1y\\pil 25 Z@Be1"708STEI P «¢il “>2°V7>81 —"—:
o Z7Z—1 1™y "™MZ5e¢1S—e1E'Z-" ESeARIE'EZe1TS2C1EC e " E 's¢1le"1-S
indicates peptide engineering. Depending on the ‘7271 —e'—ee1ES—1>7Z@7eel’ —1 "7

S'—17e17 251 eZ@'e—381 MZ™e eZ@]l ESZA T ZE$ZVEL—21 0eSceZ]1l ™MZ™e's
1V Sy Tzl —Ze Te@1@ 1 Sele 7232 7» Ak RwIoZEL-1Se1 ™M @ e’"—1X
ES—1<212—'S—EZ1 'Z>7S el e pantlidy arEhepdsiivs ef dub&titusidn, D-amino
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